This paper presents an aero-hydro-elastic model of a semi-submersible floating wind tur-bine. A specific attention is drawn to hydrodynamic modeling options and their effect on the dynamic response of the platform. The NREL 5 MW reference wind turbine mounted on the historical concept of semi-submersible platform Dutch tri-floater is considered. A specific hydrodynamic model of loads on a semi-submersible platform is used within the wind turbine design code FAST from NREL. This hydrodynamic model includes nonlinear hydrostatic and Froude-Krylov forces, diffraction/radiation forces obtained from linear potential theory, and Morison forces to take into account viscous effects on the braces and damping plates. The effect of the different hydrodynamic modeling options is investi-gated. As one could have expected, it is found that the effect of viscous drag on braces, and nonlinear Froude-Krylov loads, becomes larger with increasing wave height. Their effect remains of small order. Simulations also are run with directional waves, it is found that wave directionality induces larger transverse motions.
Introduction
The numerous floating wind turbine concepts that are currently being studied are mostly based on offshore O&G technology. Among them, semi-submersible platforms are gaining recent industrial attention [1] . For this type of platform, wave loads will be significant due to the large floating area, and could induce relatively large motions of the structure. Therefore, minimizing wave loads action on the structure will be in the center of the conception process [2] .
Numerical simulations of floating wind turbine response should be able to model aerodynamic loading and damping, hydrodynamic loading and damping, and structural dynamics. Several numerical models have been developed to combine these effects in a coupled simulation. Some of them resolve the motions in frequency domain [3] ; in that case hydrodynamic loads are calculated with linear potential flow theory. In the case of time domain simulations, linear potential theory can also be used to calculate hydrodynamic loads [4] . It allows one to take into account for linear hydrodynamic radiation and linear diffraction loads. This linear approach is valid in the case of small motions regarding to body length. Another approach is to use Morison equation to calculate the hydrodynamic loads [5] . But the Morison equation is only relevant in the case of slender body. A combination of linear potential theory forces and viscous drag forces can be used to model these different effects as done, for instance, by [6, 7] , where second order potential forces may also be taken into account [8] . The linear hydrodynamic theory is valid only when linearization assumptions are respected. When these hypotheses are not respected it is possible to add some nonlinear formulations for certain loads, such as viscous drag. This combination of linear loads and nonlinear loads is not consistent with the linearization process, but it has been found that it improves the results in practice. This approach is commonly used in offshore O&G industry, in particular for semi-submersible platforms.
This study aims at evaluating the effect of hydrodynamic modeling options on the results of aero-hydro-elastic simulations of semi-submersible floating wind turbine. A focus has been placed on the effect of viscous drag on braces, and nonlinear Froude-Krylov loads (calculated on instantaneous wetted surface), and on the effect of wave directionality.
FAST design code [9] from National Renewable Energy Laboratory (NREL) is used to model the NREL 5 MW reference wind turbine, which is mounted on the historical concept of semi-submersible platform Dutch Tri-floater [10] . A specific hydrodynamic model of loads on semi-submersible platform has been developed for FAST. It is based on the use of diffraction/radiation theory, Morison loads, and nonlinear hydrostatic and Froude-Krylov loads. This model is used to compute the motions of the system in regular waves, with and without viscous drag, and with and without nonlinear Froude-Krylov loads, in order to assess their effects. These effects are studied with regard to the wave height. Motions of the floating wind turbine in irregular waves are also computed. In particular the effect of a directional wave spectrum, on the system motions and on the power production, is investigated.
Model Development
Aero-hydro-elastic simulations are run with the FAST design code from NREL [9] . FAST includes a platform load model named HydroDyn [6] ; this model has not been used in the present study. A user-defined model for the hydrodynamic loads on the platform has been developed to use hydrodynamic codes from LHEEA Lab. This allows us to model nonlinear Froude-Krylov loads and viscous drag on the braces and heave plates.
Incident Wave Modeling. In this paper, an incident wave is modeled according to linear theory in infinite water depth, as the sum of a large number of Airy waves. Free surface elevation g is computed as follows (Eq. (1)):
where
is the directional wave spectrum, and / ij represents the phase uniformly distributed as an independent stochastic variable. The directional wave spectrum S(x,b) is defined as
, where S(x) is the frequency wave spectrum, and G(b) is the direction spreading function. Several formulations exist for S(x) and G(b). In this paper, the JONSWAP spectrum is used. G(b) is defined classically as defined by [11] GðbÞ¼C 1 ðsÞ cos
with b the mean wave direction. C 1 (s) is a normalization coefficient. A value of s ¼ 10 represents wind wave, s ¼ 25 is suitable for small wavelength waves, and s ¼ 75 is suitable for long waves [12] . Figure 1 shows a directional wave spectrum for s ¼ 40.
Platform Load Modeling. FAST solves the equation of motion of the wind turbine system in time domain. This equation can be written as
In this equation F ptfm is the vector of the loads on the platform and F is the vector for other loads. In this study the focus is on the calculation of the F ptfm vector. Loads on the platform F ptfm are calculated, according to Eq. (4), as the sum of the following contributions:
Calculations of the different terms is detailed below
Radiation Loads. Radiation loads are calculated according to the linear potential flow theory (Eq. (5)). l 1 is the added mass matrix, and K rad is the matrix of the memory terms of the radiation force. These matrices can be calculated with a diffraction/ radiation code, such as WAMIT,
Diffraction Loads. F dif are also calculated with linear hydrodynamic theory, using diffraction impulse responses K 7 , according to Eq. (6) . g b i 0 is the wave elevation associated to the incident wave direction b i ,
Froude-Krylov Loads. F FK can be calculated on the mean free surface according to linear theory (Eq. (7)). Alternatively, these loads may also be calculated on the instantaneous wetted surface according to Eq. (8) . These loads are named nonlinear Froude-Krylov when they are integrated on the instantaneous wetted surface. Contribution of these loads in the nonlinear behavior of vessels has been studied in [13] , and comparisons of numerical simulations and experiments for large amplitude motions of wave energy converters have shown satisfying agreement [14] ,
where p d is the dynamic pressure force associated with incident wave potential, such as p d ¼Àq @/ i =@t ðÞ . / i is the first order potential associated with incident wave, S is the instantaneous wetted surface, andÑ is the generalized normal vector.
Hydrostatic Loads. Hydrostatic loads can also be calculated either on the mean free surface (Eq. (9)) or on the instantaneous wetted surface (Eq. (10)),
K h is the hydrostatic stiffness matrix as defined in [4] ,
Morison Loads. Morison loads permit us to take into account some loads which are not modeled in the previous terms, namely drag loads. Morison equation gives the loads on a cylindrical body placed in an oscillatory flow [15] . For a slice of cylinder located in (X(t),Y(t)) and for a flow (U(t),V(t)) in the plane of the slice, Morison loads can be written as Eq. (11), 
In Eq. (11), term 1 represents the drag loads and term 2 represents the inertia loads. C D and C m coefficients can be determined experimentally. To calculate the Morison loads on the floater, the structure is partitioned into elements of cylinder. The total load is integrated along the cylinders composing the structure. Inertia loads are only calculated for the elements of the structure, which are not modeled with potential theory or direct pressure integration. Drag loads are calculated for the small diameter elements.
Mooring Loads. Mooring loads F anc are calculated with an equivalent linear stiffness matrix and a constant vertical pretension, F anc ¼ F a;0 À K a X. 
Model Properties
Floating Wind Turbine Properties. The floating platform used in this study is the historical concept known as the Dutch tri-floater (see Fig. 2 ). It is a column stabilized platform composed of three columns of 8 m diameter separated by 68 m. These three columns are connected with braces which also support the wind turbine. Heave plates are placed at the bottom of each column in order to reduce amplitude of motions. Table 1 summarizes some properties of the floater. All properties can be found in [10] .
The wind turbine mounted on this platform is the reference 5 MW turbine from NREL [16] . This wind turbine is designed to have a hub height of 90 m. The tower of the turbine has been adapted in order to fit this value and to connect with the Dutch trifloater. The length of the new tower is 62.6 m, the base diameter is 8 m, and the mass is 328 t.
Hydrodynamic Loads Calculation. The Dutch tri-floater platform is composed of different parts, three columns, braces, and three heave plates. Each of these parts has different dimensions and therefore should be considered differently for the hydrodynamic load calculation. As the dimension of the three columns is relatively large, linear potential theory is suitable to compute the hydrodynamic loads exerted on it. This theory is used in the present study. For the braces, as the diameters are relatively small, wave damping will be negligible compared to viscous drag. The order of magnitude of the Keulegan-Karpenter number K C is 3-7 for 1 m waves. Therefore, Morison drag will be applied to the braces. Inertial loads can be calculated with linear potential theory for the braces. They are not taken into account in the Morison calculation, but they are taken into account in the potential flow calculation. Figure 3 (c) represents the meshes used for the calculation of linear hydrodynamic properties (added mass, wave damping, and excitation force). This calculation has been performed with Aquaplus [17] ; the floater has been considered in steady state position (position due to a constant wind and without waves). The mesh used for the calculation of nonlinear Froude-Krylov loads is represented in Fig. 3(d) . Figure 3 Heave plates of the platform have a diameter of 18 m. Such heave plates have been used by O&G industry, in particular for spar platforms. They are thought to reduce the platform motions. These plates have two simultaneous effects, they create viscous damping due to flow separation at edges, they increase the heave added mass; it may shift the natural periods out of wave range period.
In the case of a semi-submersible platform, draft is reduced, and plates are located near the free surface (with comparison to a spar). In that case the plates also increase wave excitation forces [18] . This effect is balanced by the increase of damping. The main effect remains the shift of natural frequency. Ishiara et al. [19] studied the influence of heave plates in the case of semi-submersible floating wind turbine through water tank test. They found that these plates increase heave natural period and reduce motions at extreme sea states.
In this paper the effect of the plates on the platform motions is modeled with an in-line (in plate axis) Morison force. Drag and inertia coefficients C d and C m have to be determined for the geometry of the plates. According to Bearman et al. [20] , drag coefficient for a rectangular planar plate is 7:8K 1=3 C (with K C the Keulegan Carpenter number). It gives an order of 6-10 for our geometry; a C d value of 8 has been chosen. Regarding the added mass coefficient C m , the added mass of an oscillating cylindrical plate is approximately equal to the mass of the equivalent hemisphere [21] . In the case of a plate and a cylinder, the contribution of cylinder is deducted and added mass becomes Eq. (12) [22] ,
with D c the diameter of the cylinder and D d the diameter of the plate. Equation (12) has been used to calculate the added mass value used in the Morison equation.
Mooring Loads Modeling. Mooring loads are modeled as a linear restoring force and a constant vertical load. The stiffness matrix is calculated with OrcaFlex [23] . The same mooring system as the one proposed in [10] has been used. This is a six lines mooring system, each line is composed of 190 m of cable and 225 m of chain (chain length is slightly reduced by comparison to [10] ). Figure 4 shows a picture of mooring system modeling. By perturbing each platform degree of freedom (DOF), the stiffness matrix has been calculated, and the following representation for the mooring system has been obtained, Properties of these four models are summarized in Table 2 .
Simulation Cases Description. Time domain simulations with the four models M1, M2, M3, and M4 have been run. For all simulations presented here, the water depth is considered as infinite; wind and wave are supposed to be aligned; wind speed is constant at 11. waves with a spreading parameter s ¼ 40. The characteristics of these simulations are summarized in Table 3 as the effect of nonlinear Froude-Krylov loads and viscous drag, and effective response amplitude operators. The results of the E1 simulations are shown in Figs. 5 and 6. Figure 5 shows the RAOs of the platform surge, heave, pitch, and yaw motions. For the surge motion, the results of the fourmodels are in good agreement, except around the resonant response around 0.2 rad/s. Around 0.2 rad/s, nonlinear Froude-Krylov loads slightly increase the response, and the difference is not large. For pitch motion, the differences between models are also small. Models M1 and M3 (with nonlinear Froude-Krylov) give a slightly larger motion around 0.6 rad/s. For yaw motion the effect of nonlinear Froude-Krylov is noticeable for low frequency. But the order of magnitude of the yaw remains small in all simulations, The permanent state for transverse motions is not perfectly reached, so it is difficult to conclude on this effect. Figure 6 represents the RAOs of tower top deflection and out of plane tip deflection. As the difference between hydrodynamic models were not large for platform motion, the differences in wind turbine motion are also small.
Wave Height Sensitivity. For 1 m amplitude incident wave, results between the four models were not very different. For 0.6 rad/s and 1 rad/s waves, the influence of wave height has been studied. Figure 7 represents the results for pitch and tower base pitching moment TwrBsMyt, in the case of the 1 rad/s incident wave. The differences between the models become more significant when wave height increases, but orders of magnitude remain the same.
For 0.6 rad/s incident wave, results are shown in Fig. 8 . For model M4, the simulations were not stable for amplitude greater than 3 m, that is why there are no results plotted. Same conclusions are obtained as for 1 rad/s waves, the differences between models become larger with increasing wave height, but orders of magnitude remain the same.
Influence of Wave Directionality. Results of the simulations with irregular unidirectional waves (E3-1) and simulations with irregular directional waves have been compared. Simulations runtime is 600 s. On these 600 s the 300 first are not taken into account for statistics in order to avoid transient computational effects. It remains 300 s for the statistics. Wave elevation for these 300 s is shown in Fig. 9 for the two simulations. One should note the duration of simulation is short (5 min) for the statistics, and the 300 s of simulation before statistics may be not enough to ensure a permanent state, in particular for the transverse motions. Nevertheless, the trends observed seem significant.
An increase of transverse motions (sway, roll, and yaw) of the platform is observed, as one could have expected. Comparison of yaw motions has been plotted in Fig. 10(b) . This increase of yaw motion could lead to an increase of structural loads, which should be taken into account for design. Regarding axial motions (surge, heave, pitch), a small reduction of amplitude is observed (see Fig. 10(a) for the representation of pitch motion). Statistics for surge, pitch, and yaw motions are presented in Table 4 .
Concerning the generated power, wave directionality seems to have little influence on mean generated power and standard deviation. Table 4 presents these statistics. Figure 11 shows the tower base moment. These loads are calculated in a coordinate system fixed to tower base. We observe a strong increase of the moment in roll in the case of directional waves. Tower base moment in roll remains smaller than the moment in pitch. 
Conclusion
In this paper the results of time domain simulations of a semisubmersible floating wind turbine have been compared for four different models of hydrodynamic loads on the floater. Then the effect of wave directionality on the system in irregular waves has been studied.
The four platform load models gave similar results for 1 m amplitude waves. Viscous drag on the braces and nonlinear Froude-Krylov loads have little influence. With increasing wave height, the differences become larger. In some cases, nonlinear Froude-Krylov loads bring out larger motions, however order of magnitude remains the same. Water tank tests would be interesting to confirm these results, and to verify that the nonlinearity added to hydrodynamic model permit us to obtain numerical results closer to experiment. Regarding the hydroydnamic model, this study could be completed by addition of a second order wave loads model, to quantify their effect on the system dynamics.
Concerning the effect of wave directionality, an increase of transverse motions, sway, roll, yaw, and a small reduction of axial, surge, pitch and yaw motions, have been observed. Increase of transverse motions induces an increase of transverses loads on the wind turbines. No significant influence on the generated power has been observed.
In the present study extreme waves have not been considered. In the case of extreme conditions, floater dimensions become small regarding to wave amplitude. The use of the Morison equation could be considered to calculate the hydrodynamic loads on the entire floater. Further investigations are needed to quantify the influence of hydrodynamic modeling of semi-submersible floating wind turbine in the case of extreme waves. 
